Abbreviations: LPA, low phytic acid; P i , inorganic phosphorus; P t , total phosphorus; P r , ratio of P i /P t × 100; WT, wild type.
CROP SCIENCE, VOL. 49, SEPTEMBER-OCTOBER 2009 RESEARCH I daho barley (Hordeum vulgare L.) production ranks second in the nation after North Dakota (USDA-NASS, 2007) . In Idaho, about 70% of the production is for malt, but barley is also an integral component of animal feed in the western region of the United States. Concern has increased over animal waste application to croplands and associated eff ects on the environment, especially nutrient movement into waterways. Surface application of manure to soil is a major contributor to nonpoint-source pollution of waterways (Carpenter et al., 1998; Kleinman and Sharpley, 2003) . Eutrophication reduces water quality and is associated with high levels of nitrogen and phosphorus (P), which contribute to algal blooms and subsequent fi sh kills (Carpenter et al., 1998; Gibson et al., 2000; Sharpley et al., 2003) . Fish production is also a major concern for nutrient contamination as it represents a direct point-source of P contamination in waterways (Temporetti and Pedrozo, 2000) . Since Idaho is the largest trout producing state in the nation (USDA-NASS, 2007), phosphorus pollution from aquaculture in Idaho is a major concern.
Phosphorus is found in three main forms in seed tissue: as components of cell membranes such as phospholipids; free or inorganic phosphorus (P i ); and as organic molecules such as inositols.
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ABSTRACT
Low phytic acid (LPA) barley (Hordeum vulgare L.) cultivars partition phosphorus (P) in seed tissue differently than conventional wild-type (WT) barley cultivars. A reduction in seed phytic acid (myoinositol-1,2,3,4,5,6-hexkisphosphate) is coupled with an increase in inorganic phosphorus (P i ). The response of the LPA characteristic to phosphate fertilization has not been previously investigated; therefore the effect of phosphate fertility on barley seed yield, and concentrations of seed total P, seed P i , and fl ag leaf P was investigated at four locations over two years. The LPA cultivars were hypothesized to behave similarly to WT cultivars, therefore two WT cultivars, Baronesse and Colter, were compared to one LPA cultivar, Herald (lpa1-1 mutation), and one LPA advanced breeding line, 01ID451H (mutation 640). At three locations, phosphate fertilizer (P 2 O 5 ) was applied in the form of triple superphosphate (0-45-0) at rates of 0, 56, 112, and 168 kg ha -1
. Increased P fertilization was associated with increased fl ag leaf P concentration, but no changes were observed for other measured characteristics. At a fourth location, differential soil P fertility was provided via previously established plots varying from very low to adequate P fertility. Inadequate levels of P were associated with delayed maturity, and reductions in yield, test weight, height, and total seed P concentration. The responses of LPA and WT barleys were similar, indicating the LPA traits in barley originating from the lpa1-1 and 640 mutations are stable under a wide range of soil P fertility. -inositol-1,2,3,4,5,6-hexkisphosphate, or phytic acid, is the chief form of inositol in mature seeds, containing 60 to 80% of seed P (Lott et al., 2000; Raboy, 1997) . Phytic acid is not readily digestible by non-ruminant animals, including poultry, fi sh, swine, and humans (Lopez et al., 2002; Matsui, 2002; Sajjadi and Carter, 2003) . While phytic acid possesses anti-carcinogenic characteristics (Steer and Gibson, 2002) , it also acts as an antinutrient by chelating minerals such as iron and zinc (Lind et al., 2004; Maga, 1982; Raboy, 1997) . Reducing phytic acid in seed is therefore the primary target for increasing the bio-availability of P for non-ruminants (Lott et al., 2000; Raboy, 1997) .
Myo
Ninety percent of phytic acid in barley is found in the aleurone layer, with the remainder in the germ (Raboy, 1997) . Mutants with the low phytic acid (LPA) characteristic have been identifi ed in maize (Zea mays L.), soybean (Glycene max L.), rice (Orryza sativa L.), wheat (Triticum aestivum L.), and barley (Dorsch et al., 2003; Guttieri et al., 2004; Larson et al., 2000; Raboy et al., 2000; Rasmussen and Hatzack, 1998; Wilcox et al., 2000) . These mutants have decreased levels of phytic acid generally accompanied by molar equivalent increases in P i , or a combination of P i and inositols with less than six P esters per molecule; total phosphorus (P t ) is unchanged or changed only slightly (Raboy, 2002) . Feeding studies with swine, poultry, and fi sh demonstrate that increased levels of P i in LPA mutants of barley and corn are associated with enhanced mineral nutrition, increased P availability, and reduced levels of manure P (Leytem et al., 2004; Li et al., 2001a; Li et al., 2001b; Overturf et al., 2003; Veum et al., 2002; Wienhold and Miller, 2004) .
The production and feeding of LPA barley has been proposed as one strategy to improve nutrition and to reduce P pollution resulting from the production of nonruminant animals (Raboy, 2002) . Methods to increase biological availability of P in feed and reduce P supplementation in feed rations (Leytem et al., 2004; Matsui, 2002; Wienhold and Miller 2004) would reduce P concentrations in excrement and P loading of waterways, and thereby reduce costs to the livestock and aquaculture industries and benefi t the environment.
Three LPA cultivars with favorable combinations of agronomic performance and high levels of P i have been released: 'Clearwater' (pmut 640; Bregitzer et al., 2008) , 'Herald' (lpa1-1; Bregitzer et al., 2007) , and 'CDC Lophy' (lpa3-1; Rossnagel et al., 2008) . Since these cultivars may respond to environmental conditions diff erently than conventional barley cultivars, it is important to make careful comparisons of LPA and WT barleys. Since the fundamental benefi t that LPA barleys provide is the enhanced availability of seed P, the stability of the LPA trait should be determined particularly in response to varying soil P fertility. Soil P content varies signifi cantly across locations within fi elds and between fi elds (Bermudez and Mallarino, 2007; Gupta et al., 1997; Lauzon et al., 2005; Mallarino and Borges, 2006; Mallarino and Wittry, 2004; Needelman et al., 2001; Robertson et al., 1993) . Understanding the phenotypic response to variable soil P may be essential to the management and utilization of LPA barley. If seed P i -as a percent of the total P in LPA seed-is aff ected by P soil fertility, as suggested by Bowen et al. (2006) , specialized management practices may be necessary to provide a feed product with desirable P levels. Additionally, production of LPA barley in areas with very high levels of soil P might aff ect production and the percentages of P i , phytic acid and P t in barley seed. Luxury uptake of soil P to the point of toxicity was demonstrated in LPA mutants of Arabidopsis thaliana due to changes in phosphate-sensing co-occurring through mutagenesis; the plants responded to phosphate by producing additional root hairs, exhibiting luxury consumption, and subsequent P toxicity (Stevenson-Paulik et al., 2005) . Luxury consumption is defi ned as an increase in tissue concentration of a nutrient by absorption from the growing medium, when the increase doesn't correspond to a further increase in plant growth (Epstein, 1972) .
We hypothesized that LPA barley would not be aff ected by soil P fertility. To test this hypothesis, we devised a study to evaluate the responses of one LPA cultivar, one advanced LPA breeding line, and two conventional barley cultivars to soil conditions where P was adequate-to-excessive and conditions where P was defi cient-to-adequate.
MATERIALS AND METHODS

Plant Cultivars
Two conventional or WT barleys, 'Baronesse' (2-row hulled) and 'Colter' (6-row hulled; Wesenberg et al., 1993) and two LPA barleys, Herald (6-row hulled; Bregitzer et al., 2007) , and 01ID451H (2-row hulless; Bregitzer, unpublished data, a sib selection of Clearwater; Bregitzer et al., 2008) were used. The advanced breeding line 01ID451H will be referred to in this article as a cultivar for simplicity. The pedigree of Herald is Colter//Pmut422/Colter. The pedigree for 01ID451H is Baronesse*2/Pmut640//HB317. Herald carries the LPA recessive mutation lpa1-1 on chromosome 2H, which has been associated also with a slight (~10%) reduction in P t (Dorsch et al., 2003; Bregitzer et al., 2007) . The mutation in 01ID451H, originally thought to be allelic to lpa2-1, has now been shown to be a linked but independent mutation (Pmut 640) on chromosome 7H (Hu and Raboy, unpublished data). 
Location Descriptions
Seed and Leaf Phosphorus Analysis
Seed-P characteristics were determined based on measurements of P t and P i . Seed P i and P t and fl ag leaf P t were analyzed according to the methods used by Bregitzer and Raboy (2006) , except that tissue mass was reduced from 150 mg for seed tissue to 75 mg for fl ag leaf tissue.
Data Analysis
Data was analyzed using SAS 9.1 (SAS Institute, Cary, NC) with PROC GLM. Tukey's Studentized Range Test was used with α = 0.05. Tests of simple eff ects of interactions were performed using LSMEANS and SLICE option. Results for Aberdeen, Tetonia, and Potlatch locations were analyzed separately from the Parma location. The data sets were not pooled as Parma used established plots with residual soil P and plots at the other locations were fertilized with various amounts of P fertilizer. The ratio of seed P i to P t , referred to as P r, was computed as [(P i /P t ) × 100], and is the level of P i as a percent of the total (P t ).
At Parma, the main plots were previously established to provide available soil P levels of very low, low, medium, and high. The availability of P was refl ected in a signifi cant linear yield increase from very low-to medium-P fertility levels; yields increased 67% from 4520 kg ha -1 for the very low soil-P plots to 7560 kg ha -1 for medium soil-P plots. There was not a signifi cant yield diff erence between medium-and high-P fertility levels; therefore it is concluded that both medium-and high-P fertility levels were adequate for yield, whereas the very low level of P fertility was clearly inadequate (Table 2 ). Since soil-P tests were not used in data analysis, to ensure signifi cance of comparisons, conclusions were constrained to data from the very low-and high-P fertility levels.
The experiments were conducted in 2005 and 2006. Best management practices were used at all locations with regard to planting, irrigation, soil fertility (except P), and harvest timing, per University of Idaho Extension barley production recommendations (Robertson and Stark, 2003) . Seed treatments were not used.
Plot Layout and Methodology
The experimental design was a split-plot, randomized complete block design with fertilizer treatments as main plots and cultivars as subplots. There were four replicates at Aberdeen, Tetonia, and Potlatch, while at Parma there were six replicates. The dimensions were 12.1 m × 9.1 m for the main plots and 1.5 m × 6.1 m for the subplots. Buff er strips were planted at a width of 1.5 m on the sides of the subplots and 3 m on the front and back of the subplots at Aberdeen, Tetonia, and Potlatch; buff er strips were not used at Parma.
Fertilization and Soil Fertility
Triple superphosphate fertilizer (0-45-0) was applied preplant to plots in Aberdeen, Tetonia, and Potlatch at variable P 2 O 5 rates (0, 68, 112, and 168 kg ha -1 ) and incorporated using a roller harrow or spike tooth harrow to a maximum depth of 8 cm. At Parma, variable P-soil fertility was provided by previously established plots with diff erential Olsen soil test P concentrations ranging from defi cient (2.4 mg kg -1 ) to adequate (11.3 mg kg -1 ) in four stages (very low-, low-, medium-, and high-P fertility). No phosphate fertilizer was applied at Parma.
Seed Planting
Seed was planted at a rate of 2,000,000 whole seeds per hectare. Seeds were planted using small plot planters with row spacing of 17.7 cm.
Field Sampling and Harvesting
Six 30-cm soil samples from each main fertility plot were taken at the Parma location, while 30-cm composite samples were taken for the entire plot area at Aberdeen, Tetonia, and Potlatch. Twenty fl ag leaves per plot were taken for Aberdeen, Tetonia, and Potlatch locations after head emergence at Zadoks 59 (Zadoks et al., 1974) and air-dried for later analysis. Barley grain was harvested using small plot combines. Agronomic data collected from Aberdeen, Tetonia, and Potlatch included grain 
RESULTS
Response to Excessive Soil Phosphorus Fertilization
Cultivars varied signifi cantly for yield in response to year and location, but not in response to P fertilizer treatment (Table 3) . Variable P fertility did not have a signifi cant eff ect on any dependent variable except fl ag leaf P concentration (Table 2) , which indicates that increased P accumulation in the fl ag leaves did not alter seed P i or P t . There was no interaction eff ect between fertility and cultivar for fl ag leaf P, indicating P concentrations in fl ag leaves were similar across cultivars. That there were no significant eff ects of P fertilization on agronomic variables such as yield, test weight, (Tables  2 and 3 ) height, lodging, seed protein content, and kernel plumpness (data not shown) was anticipated as soil P tests at the diff erent locations were adequate for yield before P fertilization (Tables 1 and 2 ). Although seed P t content was not signifi cantly aff ected by increasing P fertility, there were signifi cant fertility × location, and year × fertility × location interactions (Table 3 ). In a test of simple eff ects of the year × fertility × location interaction, P t levels diff ered signifi cantly across fertilization at three location-years; Aberdeen 2005, Potlatch 2005, and Tetonia 2006. The absence of a signifi cant interaction between fertilizer and cultivar denotes that cultivars responded similarly across all P fertilizer treatments.
The values of P r responded similarly to P i (Table 4 ) except that year and year × location interaction were signifi cant sources of variations (Table 3) . These eff ects were due to ranking shifts in the cultivars and are not from differences in biologically signifi cant trends.
Seed P i values for LPA cultivars were consistently greater than WT cultivars (Table 4) at all locations where P was applied to soils with an adequate soil P test level (Table 1) . Table 2 . Seed yield, test weight, total P concentration (P t ), inorganic P concentration (P i ), P ratio (P r ), and fl ag leaf P concentration responses to residual soil P treatments and P fertilizer treatments averaged across locations Aberdeen, Tetonia, and Potlatch. Means are averaged across years and cultivars. **Signifi cant at the 0.01 probability level.
***Signifi cant at the 0.001 probability level. † Pt, seed total P; P i , seed inorganic P; P r , percent of inorganic to total P in seed.
Response to Defi cient Soil Phosphorus
The Parma location enabled testing in conditions of deficient soil P. There were signifi cant diff erences in yield, test weight, heading date, maturity, P i , P t , and P r in response to increasing concentration of soil P (Tables 2 and 5) . Very low concentrations of Olsen soil test P resulted in low concentrations of P i and P t in the seed in comparison to the high fertility treatment when averaged across all cultivars ( Table 2 ). The responses of WT and LPA cultivars to P fertility were very similar with the LPA cultivars increasing P i and P t proportionally with the WT cultivars, though there was a signifi cant cultivar × fertility interaction; this eff ect was linked to shifts in ranking of cultivars between very low-P and high-P fertilities that were not biologically signifi cant. The response to P fertility was not unexpected, because the very low fertility level was inadequate for maximum yield (Table 2 ). The WT and LPA cultivars responded similarly in both soil P fertility treatments, though in a test of simple eff ects of the cultivar × fertility interaction across P fertilities, the cultivars showed signifi cant diff erences at high P fertility, with the LPA lines having seeds with lower P t concentrations than WT. At the very low P fertility treatment there were no signifi cant diff erences between cultivars for P t (Table 6 ). There was a cultivar × year interaction due to ranking shifts in cultivars that was not due to biologically signifi cant trends.
Seed P r increased signifi cantly between very low-and high-P fertility treatments and there was a cultivar × fertility interaction. This interaction was caused by ranking shifts among cultivars within fertilities. The cultivars did not show diff erent responses to P between WT versus LPA, but there was greater variability associated with the P i and P r measurements in the LPA cultivars. A test of simple eff ects of the cultivar × fertility interaction across cultivars showed both LPA cultivars to be signifi cantly diff erent for P r across fertility treatments, while the WT **Signifi cant at the 0.01 probability level.
cultivars were not. This signifi cance was due to shifts in rank between the LPA cultivars. In addition, the test of simple eff ects of the cultivar × fertility interaction separated by fertility showed that the very low-P fertility level did not contribute signifi cance to the interaction, even though P r were diff erent. This would suggest the cultivars did not respond diff erently when soil P was inadequate (Table 6 ).
DISCUSSION
The seed-P fractions were relatively stable for soil-P fertility ranging from inadequate to excessive. No diff erences were observed between WT and LPA cultivars except when soil P was inadequate, and this diff erence was limited to a minor reduction in the percent ratio of inorganic P to total P (P r ) in LPA versus the WT cultivars. Overall, these data show the LPA phenotype to be stable in response to P fertility (Tables 4 and 6 ). Israel et al. (2007) reached a similar conclusion based on studies of LPA soybeans. Unlike the Arabidopsis LPA mutants noted earlier (Stevenson-Paulik et al., 2005) , the LPA barley cultivars did not show signs of P toxicity in fl ag leaf P concentrations at adequate-to-high P fertility. At levels where the P in soil is at least adequate for yield, seed P fractions in LPA cultivars respond similarly to WT cultivars, though with a greater amount of variability. The LPA cultivars consistently yielded well in comparison to the WT cultivars (Table 2, Fig. 1 ) and the LPA phenotype was stable for the range of locations and soil-P fertility levels tested. These cultivars can be managed according to conventional best management practices for barley and still maintain the LPA trait. For these LPA barley cultivars the combination of good yields and stable phenotype provide an alternative source of barley-based feed expected to off er the benefi ts of improved animal nutrition and reduced P pollution from manure. Table 6 . Parma fertility × cultivar interactions for seed total P (P t ), inorganic P (P i ), and percent of inorganic P (P r ) with signifi cances derived from testing simple effects of the interaction by cultivar and fertility. Cultivar Very low P High P** ‡ Very low P*** High P*** Very low P*** High P*** 
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